Overexpression of the p53 protein, resulting from gene mutations that increase protein stability, has been detected in >25% of primary human breast cancers. In addition, -10% of breast cancer patients have circulating antibodies to the p53 protein. In this study, the anti-p53 humoral response is correlated with the presence and type of mutant p53 protein expressed in the tumor. In a series of 60 breast cancer patients, 0 of 30 tumors with normal, low-level p53 expression induced anti-p53 antibodies, whereas 7 (23%) of 30 tumors with p53 overexpression elicited a specific anti-p53 antibody response. These 7 patients had anti-p53 antibodies that recognized wild-type p53 and a variety of mutant p53 proteins. A comparison of p53 mutations revealed that antibody-negative tumors had mutations exclusively in exons 7 and 8, whereas antibody-positive tumors had mutations primarily in exons 5 and 6. Moreover, all antibody-eliciting tumors contained complexes between p53 and a 70-kDa heat shock protein, whereas none of the antibody-negative tumors contained this complex. This study implicates a 70-kDa heat shock protein in the antigenic presentation of p53.
Mutations in the p53 tumor-suppressor gene are found at a high frequency in a wide variety of primary human cancers (1) (2) (3) . The neoplastic potential of these mutant genes has been demonstrated by their efficient transformation of rodent fibroblasts (4) . In normal adult tissues and in cancers synthesizing only wild-type p53, the protein is difficult to detect. However, mutant proteins are degraded less rapidly than wild-type p53, which has a half-life of "20 min (5, 6) . Therefore, the mutant proteins accumulate to relatively high steady-state levels that can be detected readily in primary tumors by immunoblotting or immunohistochemistry. In tumors of epithelial origin such as colorectal, lung, breast, and ovarian cancer, detection ofthe protein is an accurate indication of the presence of a missense mutation in the p53 gene (7) (8) (9) (10) .
Deletion of the other p53 allele in many of these tumors results in the loss of wild-type p53 expression (11) . While the absence of wild-type p53 appears to be common in human cancers, a mutant p53 gene can transform, in a dominant manner, fibroblasts expressing wild-type p53 (12) . Mutant p53 may accomplish this through oligomerization and inactivation of wild-type p53 (13) , perhaps by driving the wild-type protein into a mutant conformation (14) . The conformation of p53 has been examined by using several criteria, including conformationally sensitive monoclonal antibodies and the ability of p53 to complex with viral and cellular proteins. The wild-type protein forms stable complexes with the simian virus 40-encoded T antigen, whereas many of the mutant proteins are unable to form this complex (15) . Conversely, some mutant p53 proteins are observed to complex with two cellular proteins; a 70-kDa heat shock protein (HSP70) identified in rodent fibroblasts as the constitutively expressed member of this family (hsc70) and an unidentified 90-kDa protein (4, (16) (17) (18) . Mutants that fail to complex with hsc70 still have an extended half-life yet are more weakly transforming in vitro than mutants that complex with hsc70 (4).
Breast cancer is typical of human carcinomas with respect to p53 involvement. In a series of >200 primary cancers, 27% showed high-level expression of the p53 protein in the majority of malignant cells, indicative of gene mutation (19) . Approximately 10% ofbreast cancer patients have circulating antibodies directed against the p53 protein (20) . In this study, p53 immunogenicity was examined in breast cancer patients with particular regard to the type of p53 mutant being expressed by tumor cells and the ability of these proteins to bind HSP70. Complexes with HSP70 are ofparticular interest in light of the studies implicating HSPs in protein translocation across intracellular membranes and in antigen presentation (21-23).
MATERIALS AND METHODS Tissue. Pieces from breast biopsies and mastectomies performed at Duke University Medical Center were collected after surgical removal, immediately flash frozen, and stored at -1200C. Specimens from 60 patients whose tumors were diagnosed as primary invasive breast carcinoma by a member of the Department of Pathology were studied. Thirty of these tumors had been shown, by immunohistochemical analysis in a previous study (19) , to overexpress the p53 protein, while 30 expressed normal, low levels of the protein.
Cell Lines. The established cell lines HBL-100, BT-20, BT-474, T-47D, and MDA-MB-468 were obtained from the American Type Culture Collection. HBL-100 is a simian virus 40-transformed human breast epithelial cell line that expresses wild-type p53 (24) ; BT-20, BT-474, T-47D, and MDA-MB-468 are human breast cancer-derived cell lines that express p53 proteins with mutations at codons 132, 285, 194, and 273, respectively (11, 25) . The I3 cell line, obtained from C. A. Finlay (Department of Molecular Biology, Princeton University), is a rat embryo fibroblast line immortalized by the murine mutant p53 clone LTRcG-val135 (12) . Cells were grown at 37'C in RPMI 1640 supplemented with bovine insulin (10 ,ug/ml), glutamine (300 Ag/ml), and 10% fetal bovine serum. Normal human mammary epithelial cells (HMECs) were collected following reduction mammoplasties and maintained in short-term culture by the methods of Band and Sager (26) .
Antibodies. Serum from patients with primary invasive breast cancer was obtained at the time of diagnosis and stored at -200C. PAb1801 (Ab-2, Oncogene Sciences, Mineola, NY) is a murine anti-p53 monoclonal antibody that reacts specifically with human p53 at an epitope between amino acids 32 and 79 (27) . PAb421 is a murine anti-p53 monoclonal antibody that Abbreviations: HSP, heat shock protein; HMEC, human mammary epithelial cell. *To whom correspondence should be addressed.
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reacts with an epitope of mammalian p53 between amino acids 370 and 378 (28) and is produced by a hybridoma cell line obtained from A. J. Levine (Department of Molecular Biology, Princeton University). HSP72/73 (Ab-1, Oncogene Sciences) is a murine monoclonal antibody that reacts with HSP70 in mammalian cells (clone W27, E. Harlow). Rabbit antiserum directed against human C-terminal epitopes representing the last 21 amino acids of at least the HSC70 and HSP70 members of the HSP family (17) was obtained from P. W. Hinds (Department of Molecular Biology, Whitehead Institute). TA-1, an anti-HER2/neu murine IgG1 monoclonal antibody (DuPont), normal human serum, and serum from 15 patients with anti-nuclear antibodies associated with autoimmune disorders (obtained from J. D. Keene, Department of Microbiology, Duke University) were used as control antibodies.
Sequence Analysis. Sequencing of the highly conserved region of the p53 gene from mRNA was performed as described (9) . Briefly, 1 pug of total RNA was used as a template for first-strand cDNA synthesis by murine leukemia virus reverse transcriptase (Bethesda Research Laboratories) using an antisense oligonucleotide from p53 exon 10 as a primer. Exons 4-10 were then amplified by the polymerase chain reaction (PCR) with an oligonucleotide primer from exon 4 and Taq DNA polymerase (Promega). The 712-basepair product of this reaction was purified by gel electrophoresis, reamplified, purified again by filtration through a Sepharose CL-6B (Pharmacia) spin column, ethanolprecipitated, and resolubilized in water. This material was the template for dideoxy sequencing with Sequenase 2.0 (United States Biochemical). Oligonucleotides flanking each of the exons 5, 6, 7, and 8 were used to prime the reactions, which were performed by first boiling the primer/template mix, labeling on ice for 10 min with [a-32P]dATP, and then running the termination reactions at 45°C for 10 min. The products were electrophoresed in a polyacrylamide gel, which was then soaked in 10% acetic acid/12% methanol, dried, and set with Kodak XAR film.
Immunoprecipitatlon. Cell lines were metabolically labeled with [35Sjmethionine (50 ,uCi/ml; Amersham; 1 /Ci = 37 kBq) for 2 hr. At the end of the labeling period, cells were scraped, homogenized in lysis buffer (50 mM Tris, pH 8.0/5 mM EDTA/150 mM NaCl/0.5% Nonidet P-40/1 mM phenylmethylsulfonyl fluoride), and then sonicated for 10 sec at 5 W/sec. The supernatants were collected following centrifugation at 100,000 x g and preadsorbed with protein G-Sepharose (Pharmacia) for 1 hr at 4°C. Supernatants were collected following centrifugation at 12,000 X g, and incorporation was quantitated by trichloroacetic acid precipitation, followed by scintillation counting. (25) . Sera from 7 patients with tumors that overexpressed p53 contained antibodies that immunoprecipitated a 53-kDa protein which comigrated with p53 immunoprecipitated with the monoclonal antibody PAb1801 (Fig. 1) . Dilutional (1801), normal human serum (nl serum), serum from a breast cancer patient whose tumor did not overexpress p53 protein (s15), serum from a patient with other (undefined) anti-nuclear antibodies (57-ANA), and serum from breast cancer patients whose tumors expressed high levels of mutant p53 protein (s11, s33, s7, s45, s39, sSO, and s56). Molecular size markers (kDa) are at left. high levels. However, by immunohistochemistry no major differences in the levels of p53 expression were observed in these tumors (data not shown). Alternatively, only certain mutant p53 proteins may be immunogenic even though the antibodies themselves are not mutant-specific. To test this, direct sequencing of PCR-amplified p53 cDNA was performed from 15 breast cancers overexpressing the protein. In each case, a mutation was found in a highly conserved region of the gene that altered the coding sequence of the protein (Table 1) . A generally consistent clustering of these mutations was observed. Each patient who had not mounted an antibody response to p53 had a tumor that contained a mutation in exon 7 or 8 of the p53 gene. Conversely, five of seven patients who were antibody-positive had tumors with mutations in exon 5 or 6. The two exceptions were patients exon 7), and yet the patients mounted strong immune responses. In both cases, the mutations changed a cysteine residue that might be predicted to alter the longrange tertiary structure of the protein.
Mutant Proteins That Induce an Antibody Response Form a Complex with HSP70. A similar clustering is evident in the human and murine mutant p53 proteins that have been analyzed for HSP binding in tissue culture cells. p53 proteins containing mutations in exon 5 bind to a HSP70, while-several proteins with mutations located in exon 8 fail to complex (4, 29) . Given the possible function of an HSP70 in antigen presentation, it was of interest to determine whether the immunogenic p53 mutants formed complexes with this HSP in vivo. Protein extracts from 14 of the 15 tumors containing p53 mutations were immunoprecipitated with anti-p53 and anti-HSP antibodies. After blotting, separate membranes were probed with anti-p53 and anti-HSP antibodies in order to detect coprecipitation ofthese proteins. Tumor tissue from all seven patients with circulating p53 antibodies contained coprecipitating p53 and HSP70 (Fig. 3) . Conversely, no p53/HSP complexes were detected in tissues from the seven patients lacking detectable p53 antibodies. Tissues that did not contain p53/HSP70 complexes had levels of both p53 and HSP70, as assessed by immunoblotting and immunohistochemistry, similar to those in tissues that did contain the complex, so it does not appear to be an absence of either component that explains the lack of the complex. are several species of HSP70 (i.e., hsp, hsc, and hsx) that are not distinguished by these antisera, it is possible that tissues which lack the complex do not synthesize the appropriate member of the heat shock family. Different mutant p53 proteins have been shown, in rodent fibroblasts, to have different abilities to complex with hsc70 (4, 29) , suggesting that a property intrinsic to p53 is responsible for complex formation in these breast cancers. DISCUSSION
These results suggest that mutant p53 proteins which complex with HSP70 in primary breast cancers induce a p53-specific humoral response. (4) . It is possible that the p53/HSP complex facilitates p53-mediated transformation by sequestration of the wild-type tumor-suppressor protein, perhaps more avidly than mutant p53 proteins that fail to complex with HSP. There also appears to be a difference in the ability of mutant p53 proteins to function in transcriptional activation. A GAL4-p53 fusion protein containing a mutation at codon 273 (human) retains this function, whereas a mutation at codon 135 (murine) destroys the ability to transactivate a GAL4 target sequence (30, 31) .
While the biologic activity of different mutant p53 genes can be assessed in vitro, parallel experiments are difficult to carry out in vivo. p53 mutations found in cancers can now be classified by their ability to bind HSP, but it remains to be determined whether this classification will be clinically significant. The difference between HSP-binding and -nonbinding p53 mutants in their ability to transform fibroblasts may, however, support the belief that inherited p53 mutations found in patients with Li-Fraupmeni syndrome result in less potent oncogenes. These mutations appear to cluster around codon 250 of the p53 gene (32, 33) and would therefore be predicted not to bind HSP and, perh4ps, to be less oncogenic.
Patient 63 from this study containeiu a mutation identical to one found in a Li-Fraumerti family (codon 245, Gly --Asp) and did not bind HSP in the breast cancer. This might explain why many of these patients can reach young adulthood before manifesting the characteristic malignancies of the syndrome despite having germ-line p53 mutations.
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